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Introduction {#sec005}
============

Minimally invasive techniques are becoming increasingly common for the treatment of advanced gastrointestinal cancer. There is growing concern that such treatments may increase the likelihood of peritoneal dissemination. Peritoneal dissemination frequently occurs during the surgical removal of advanced gastrointestinal cancer. During laparoscopic surgery liberation of cells from the primary tumor and intraoperative spillage of tumor cells may occur. The liberation of cells from the primary tumor is a critical event in peritoneal dissemination and port-site metastasis \[[@pone.0172097.ref001]\]. The insufflated CO2 can promote the peritoneal dissemination of the spilled tumor cells \[[@pone.0172097.ref002]\]. Diffuse damage of the entire peritoneum often takes place after CO2 pneumoperitoneum \[[@pone.0172097.ref003]\]. One of our previous studies shows that prolonged standard CO2 insufflation leads to serious damages of the peritoneum \[[@pone.0172097.ref004]\]. The peritoneal damage provoked by the pneumoperitoneum can induce a specific intraperitoneal tumor implantation \[[@pone.0172097.ref003]\]. Tumor cells are able to attach to the denuded basal lamina and form predominantly diffuse metastases throughout the peritoneum within 96 hours after pneumoperitoneum \[[@pone.0172097.ref003]\]. A large number of experimental studies have demonstrated that laparoscopic cancer surgery with CO2 insufflation is associated with a significant increase in the incidence of wider dissemination and implantation of intra-abdominal tumor, as well as port-site metastases \[[@pone.0172097.ref005]\]. In laparoscopic surgery for advanced gastrointestinal cancer the incidence of peritoneal dissemination and port-site metastases is thought to be much higher.

Peritoneal carcinomatosis is associated with poor prognosis as it responds poorly to current treatments \[[@pone.0172097.ref006]\]. It poses a serious challenge and prevention is extremely important. However, preventive modalities are still lacking, especially for laparoscopic surgery. Developing an effective approach to prevent peritoneal dissemination for laparoscopic surgery is urgently required.

In our previous study we attempted a newly developed approach (hyperthermic CO2 insufflation, HT-CO2). The CO2 used for pneumoperitoneum was heated to hyperthermic temperature (43--44°C) to kill the spilled colorectal cancer cells generated during laparoscopic cancer surgery and therefore prevent or suppress peritoneal dissemination. Our previous in vitro study showed that HT-CO2 (43--44°C for 2--4 h) has a significant cytotoxic effect on colon and gastric cancer cells, suggesting that HT-CO2 may serve as a new approach for preventing peritoneal dissemination of laparoscopic gastrointestinal cancer surgery \[[@pone.0172097.ref007],[@pone.0172097.ref008]\].

The aim of this study was to examine whether HT-CO2 insufflation could prevent intra-peritoneal tumor spread in vivo. A peritoneal dissemination model was established by using a cell inoculation model which mimics the tumor spillage during laparoscopic surgery. The preventive effect of HT-CO2 on the peritoneal dissemination of colon cells was examined. Meanwhile, the effect of HT-CO2 on the peritoneum and whether HT-CO2 causes peritoneal damage were also evaluated.

Materials and methods {#sec006}
=====================

Cell lines and animals {#sec007}
----------------------

Human colon cancer cell lines SW1116 (ATCC) were grown in RPMI1640 supplemented with 10% FBS at 37°C in humidified air containing 5% CO2.

Male BALB/c nu/nu mice (6 weeks old, Chinese Academy of Science) were bred in specific pathogen-free conditions. All the animals were cared for and handled according to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health. Experimental protocol was approved by Shanghai Medical Experimental Animal Care Committee. All efforts were made to minimize perioperative suffering ([S1 File](#pone.0172097.s001){ref-type="supplementary-material"}).

Experimental design of gas insufflation {#sec008}
---------------------------------------

For evaluation of the effect of HT-CO2 on peritoneal dissemination or peritoneal damage, the Balb/c nu/nu mice were randomly allocated to two groups: the HT-CO2 group and the NT-CO2 group. The mice in the HT-CO2 group (n = 24) and NT-CO2 group (n = 24) were subjected to HT-CO2 (hyperthermic CO2, 43°C, 95% relative humidity) and NT-CO2 (standard normothermic CO2, 21°C, \<1% relative humidity) insufflations for 3h, respectively. All surgical procedures were performed under sterile conditions. The operation procedures for CO2 insufflation were as follows. All mice were anaesthetized in a container with 3--5% vaporized isoflurane with air. Each spontaneously breathing, anaesthetized animal was placed in the supine position on a surgical warming table. Anesthesia was maintained by delivering 3--5% vaporized isoflurane with air through a nose cone. After cleansing with 70% alcohol, the abdominal wall of the mouse was lifted and a 22-gauge intravenous catheter (Vasocan, Braun, Germany) was inserted into the lower midline of the abdomen and connected to the CO2 insufflator. The peritoneal space was insufflated with CO2 to a pressure of 6 mmHg. After establishment of pneumoperitoneum, two other needles were inserted into the left lower quadrant and the right lower quadrant, respectively. They were correspondingly connected to pressure, humidity and thermal detectors ([Fig 1](#pone.0172097.g001){ref-type="fig"}). The HT-CO2 or NT-CO2 was insufflated into the peritoneal cavity at 6 mmHg with a flow rate of 0.5 L/min. The HT-CO2 and NT-CO2 were provided by a CO2 heater and humidifier device (patent protected by State Intellectual Property Office of China, No. 2006200477736) as previously described \[[@pone.0172097.ref004]\]. The device was equipped with a control system which regulated the temperature (T), relative humidity (H) and pressure (P) of the gas insufflated into the peritoneal cavity to guarantee their high stability. The gas was completely exsufflated at the end of the procedure. Port site wounds were not closed in any of the animals after treatment. Post-operative analgesics were used for all mice undergoing surgery (0.25% bupivicaine drops at the port sites + 1.6mg/ml acetaminophen-treated drinking water for 48 hours post-surgically).

![Experimental setup.\
A G22 intravenous cannula is inserted into the lower midline and serves as the first trocar. Another G22 intravenous cannula is inserted into the right lower quadrant and used for measurement of intraperitoneal pressure, humidity and temperature. The hyperthermic CO2 (HT-CO2) or normothermic CO2 (NT-CO2) is generated by a CO2 heater & humidifier device and insufflated into the peritoneal cavity of the mouse. The intra-abdominal temperature (T), relative humidity (H) and pressure (P) are monitored in a real-time manner and kept constant.](pone.0172097.g001){#pone.0172097.g001}

Evaluation of the effect of HT-CO2 on peritoneal dissemination of colon cancer cells in vivo {#sec009}
--------------------------------------------------------------------------------------------

A Cell inoculation model was used to examine the preventive effect of HT-CO2 on peritoneal dissemination. Experimental peritoneal tumor spread was induced by intraperitoneal injection of human colon cancer cells. The HT-CO2 was insufflated into the peritoneal cavity after inoculation of the tumor cells and the effect of HT-CO2 on human colon cancer cells was examined 28 days later. Briefly, a total of 48 mice were randomly allocated to the HT-CO2 and NT-CO2 groups. Cannulas were inserted as described above. The human colon cancer cells (SW1116) were harvested, washed and suspended in phosphate buffered saline. All mice were intraperitoneally injected with 1×10^6^ SW1116 cells via the inserted cannula to simulate tumor cells spillage during laparoscopic colon cancer surgery. The abdomen was massaged to disperse the tumor cells. The HT-CO2 or NT-CO2 was then insufflated into the peritoneal cavity at 6 mmHg and 0.5L/min for 3 hours as described above. The port sites were not closed after the pneumoperitoneum was removed. All mice were housed in a specific pathogen-free barrier facility and observed twice a day after the procedure. At day 28 after tumor cell inoculation all mice were sacrificed. Euthanasia by cervical dislocation was used to sacrifice mice after the mice were anaesthetized in a container with 3--5% vaporized isoflurane with air. The peritoneal tumor spread was assessed in a blinded manner by two independent histopathologists. The number of peritoneal and serosal nodules was counted. Then the tumor nodules were excised and weighed. The port site metastasis was determined as follow. The port sites were marked after the CO2 insufflation and recorded daily to ensure the location of the port sites. After 28 days the peritoneum corresponding to the port sites were examined and the port site metastasis was determined. The ascites were quantified by measuring the volume of ascites.

Evaluation of the effect of HT-CO2 on peritoneal damages {#sec010}
--------------------------------------------------------

A total of 50 mice were randomly allocated to two groups: the HT-CO2 group and the NT-CO2 group (25 mice for each group). The mice were subjected to HT-CO2 or NT-CO2 insufflation for 3 hours as described above. In each group, five mice were sacrificed at 6, 24, 48 or 96 h after treatment. Euthanasia by cervical dislocation was used to sacrifice mice after the mice were anaesthetized in a container with 3--5% vaporized isoflurane with air. The peritoneal injury was analyzed histologically by an independent observer who was blind to the experimental design. The light microscopic analysis and scanning electron microscopy analysis were performed as previously described \[[@pone.0172097.ref004]\]. The other 5 mice in each group were killed for analysis of intra-abdominal adhesions at 4 weeks after treatment. The peritoneum was examined and the adhesions were scored as previously described \[[@pone.0172097.ref004]\]. The mice in the NT-CO2 group served as controls for analysis of peritoneal damages.

Statistical analysis {#sec011}
--------------------

Statistical analyses were performed with SPSS software (SPSS version 22, IBM Corp., USA). Results were presented as means±SD. Differences between groups were evaluated with a student t-test. Differences between groups were considered statistically significant at *P* \< 0.05.

Results {#sec012}
=======

All animals survived the study. There were no differences among all groups in body weight and induction of anesthesia. All mice tolerated the HT-CO2 or NT-CO2 insufflation.

HT-CO2 significantly suppresses peritoneal dissemination {#sec013}
--------------------------------------------------------

The intraperitoneal metastases occurred in both the HT-CO2 and NT-CO2 groups. However, the number of peritoneal nodules in the HT-CO2 group was significantly less than that in the NT-CO2 group. The mean number of peritoneal and serosal nodules in the HT-CO2 group was 10.21±3.72 while that in the NT-CO2 was 67.12±5.49 (*P*\<0.01) ([Fig 2](#pone.0172097.g002){ref-type="fig"}). Additionally, the size of nodules in the HT-CO2 group was significantly smaller than that in the NT-CO2 group ([Fig 2](#pone.0172097.g002){ref-type="fig"}). The weight of tumor nodules in the HT-CO2 group was significantly lower than that in NT-CO2 group (*P*\<0.01). The mean weight of tumor nodules in mice receiving HT-CO2 was 0.31±0.10g while that in mice subjected to NT-CO2 was 2.16±0.31g. Massive ascites were found in the NT-CO2 group. In contrast, less ascites developed in HT-CO2- treated mice. The mean volume of ascites was 1.27±0.28ml in the HT-CO2 group and 8.26±0.31ml in the NT-CO2 group (*P*\<0.01). Therefore, the HT-CO2 insufflation significantly suppressed intraperitoneal tumor spread of colorectal cancer, which suggested that HT-CO2 could prevent peritoneal dissemination during laparoscopic colorectal cancer surgery.

![HT-CO2 significantly suppresses peritoneal dissemination and ascites formation.\
(**A**) Macroscopic view of the intraperitoneal tumor spread. Metastatic tumor nodules can be seen growing on the mesenterium, peritoneum, greater omentum, diaphragm and the surface of the liver. The number of metastatic nodules in mice receiving HT-CO2 insufflation is significantly less than that in mice subjected to NT-CO2. (**B**) Ascites of mice receiving HT-CO2 treatments are significantly less than those subjected to NT-CO2 insufflation. (**C**) Statistical analysis of the number of peritoneal metastasis, weight of tumor nodule and ascites volume. Data are presented as means ± SD; \*: *P*\<0.01, HT-CO2 *vs* NT-CO2.](pone.0172097.g002){#pone.0172097.g002}

HT-CO2 prevents port-site metastasis {#sec014}
------------------------------------

The port sites were also examined specifically for macroscopic evidence of tumor implantation. No port site metastases were detected in the HT-CO2 group. In contrast, the incidence of port site metastasis in NT-CO2 was 12.5% (3/24) ([Fig 3](#pone.0172097.g003){ref-type="fig"}). HT-CO2 significantly reduced port site metastasis, suggesting that HT-CO2 can prevent port site metastases formation after laparoscopic colorectal cancer surgery.

![HT-CO2 significantly decreases port site metastasis.\
(**A**) Illustration of experimental setup. The location of port sites are recorded and marked. At 28 days after HT-CO2 or NT-CO2 insufflation, the marked port sites are checked for metastatic nodules. Laparotomy is performed and the port site metastases are confirmed from inside. (**B**) Port site metastasis forms in mice treated with NT-CO2 (arrows). The incidence of port site metastasis in NT-CO2 is 12.5% (3/24). In contrast, no port site metastases are detected in the HT-CO2 group.](pone.0172097.g003){#pone.0172097.g003}

HT-CO2 causes slight, transient and recoverable peritoneal damages {#sec015}
------------------------------------------------------------------

HT-CO2 was postulated to be harmless to normal tissues as hyperthermia at 43°C has been demonstrated to be cytotoxic to tumor cells but not normal tissues. However, the potential damage to peritoneum and peritoneal organs could not be excluded. We then evaluated the safety of the HT-CO2. All mice tolerated the HT-CO2 insufflation (43°C for 3h) well. Light microscopic and scanning electron microscopic analysis of the peritoneum after a postoperative 6h to 96h showed that HT-CO2 caused slight, transient and recoverable peritoneal damage ([Fig 4](#pone.0172097.g004){ref-type="fig"}). Histological findings at 6h after HT-CO2 insufflation treatment showed massive desquamation of mesothelial cells ([Fig 4](#pone.0172097.g004){ref-type="fig"}). Extensive detachment of mesothelial cells and denuded basal lamina were seen. However, the damaged peritoneum started to recover 48 hours later. The mesothelial cells returned to normal and regenerated to cover the denuded area. At 96 hours after HT-CO2 insufflations, most of the damaged are of the peritoneum recovered and returned to a normal morphology ([Fig 4](#pone.0172097.g004){ref-type="fig"}).

![HT-CO2 causes slight, transient and recoverable peritoneal damages.\
(A) Light microscopic analysis of peritoneal alterations (from left to right, 0, 12, 24, 48, 72, 96h after HT-CO2 insufflation). The mesothelial cells detach and denuded basal lamina is apparently observed at 12 hours after HT-CO2 insufflations; (B) Scanning electron microscopic analysis of peritoneal alterations (from left to right, 0, 12, 48, 96h after HT-CO2 insufflation). The mesothelial cells detach and massive desquamations can be seen at 12 hours after HT-CO2 insufflations. However, the peritoneum recovers from 48 hours and restores to normal 96 hours later.](pone.0172097.g004){#pone.0172097.g004}

Peritoneal damage may result in or facilitate formation of peritoneal adhesions. The peritoneal cavity of the mice was examined at 4 weeks after the procedures were carried out. HT-CO2 caused no adhesion formation. Additionally, none of the animals showed formation of ascites, other signs of peritonitis or delayed healing of the port sites ([Fig 5](#pone.0172097.g005){ref-type="fig"}).

![Peritoneal cavity of mice 4 weeks after HT-CO2 or NT-CO2 insufflation.\
HT-CO2 does not result in intra-abdominal adhesions, ascites, peritonitis or delayed healing of the port sites.](pone.0172097.g005){#pone.0172097.g005}

Discussion {#sec016}
==========

In this study, we examined a newly developed approach (hyperthermic CO2 insufflation, HT-CO2) for preventing peritoneal dissemination in laparoscopic surgery. Our data showed that HT-CO2 insufflation could significantly suppress peritoneal dissemination of colon cancer cells. Meanwhile, HT-CO2 caused only transient and recoverable peritoneal damage. These results suggest that HT-CO2 may serve as a novel modality for preventing peritoneal dissemination of colorectal cancer in laparoscopic surgery.

Peritoneal dissemination is one of the most frequent modes of recurrence after surgical resection of advanced gastrointestinal cancer \[[@pone.0172097.ref009]\]. It is associated with poor prognosis as treatment of peritoneal carcinomatosis is relatively ineffective and associated with high morbidity \[[@pone.0172097.ref009],[@pone.0172097.ref010]\]. Therefore, the prevention of peritoneal dissemination is extremely important. Currently, laparoscopic surgery is increasingly used for advanced gastrointestinal cancers \[[@pone.0172097.ref011]--[@pone.0172097.ref013]\]. The risk of intraperitoneal tumor seeding as well as port site metastasis rises remarkably during laparoscopic surgery for these diseases. Surgical removal of advanced primary tumors unavoidably causes tissue wounding and cancer cells spillage, even though laparoscopic surgery is carried out. It has been demonstrated that peritoneal carcinomatosis can result from dissemination of cancer cells from the trauma of cancer surgery \[[@pone.0172097.ref014]\]. During laparoscopic surgery of advanced colorectal cancer, cancer cells may be released from the surface of the tumor. The CO2 may disseminate them to form peritoneal metastasis rather than local recurrence. Zayyan et al \[[@pone.0172097.ref015]\] reported that the rapid flow of CO2 can disseminate free cancer cells, contributing to intraperitoneal dispersal. The spillage or liberation of cells from the primary tumor is the critical event in tumor implantation \[[@pone.0172097.ref001]\]. Once this event has occurred, peritoneal and abdominal wall wounds are at risk for tumor formation. An effective approach for killing the spilled tumor cells and therefore reducing the likelihood of peritoneal dissemination is urgently needed, especially in patients with a high risk of postoperative intraperitoneal tumor spread. However, efficient methods following laparoscopic cancer surgery are still lacking.

In our previous studies we attempted a new approach (hyperthermic CO2 insufflation, HT-CO2). The CO2 used for pneumoperitoneum establishment was heated to hyperthermic temperature (43--44°C) to kill the spilled colorectal cancer cells generated during laparoscopic cancer surgery and therefore prevent peritoneal dissemination. In vitro studies showed that HT-CO2 has significant cytotoxic effect on colon and gastric cancer cells \[[@pone.0172097.ref007],[@pone.0172097.ref008]\], suggesting that HT-CO2 is an attractive solution for preventing peritoneal metastases during laparoscopic surgery of gastrointestinal cancer. In this study we examined its effectiveness through an in vivo peritoneal dissemination model. The current in vivo study showed that HT-CO2 insufflation could significantly decrease intraperitoneal dissemination of spilled colon cancer cells and local peritoneal carcinomatosis. Additionally, HT-CO2 could significantly inhibit the formation of port site metastases. This is the first report showing that HT-CO2 can suppress peritoneal dissemination of colon cancer cells. Hyperthermia has been demonstrated to be effective for cancer treatments \[[@pone.0172097.ref016]\]. In contrast with hyperthermia alone, HT-CO2 can provides a much stronger and satisfactory cytotoxic effect \[[@pone.0172097.ref007],[@pone.0172097.ref008]\]. Peritoneal dissemination of tumor cells is thought to involve several sequential steps: exfoliation or spillage, adhesion of dissociated tumor cells to the peritoneum, invasion of the tissue by degrading basement membrane, and proliferation around the vessels by angiogenesis \[[@pone.0172097.ref017]\]. Ex-vivo studies of the adhesion of cancer cells to the peritoneal surface show that the detached cells can rapidly adhere to the peritoneal wall. The first adhesion occurs within 80min through the microvilli and 76% of the inoculated cells are fixed within 24h of the inoculation \[[@pone.0172097.ref018],[@pone.0172097.ref019]\]. HT-CO2 may directly kill the spilled cancer cells as soon as the cells detach from the primary tumor and inhibit the initial adherence of cells to the peritoneal mesothelium. However, the underlying mechanism needs further investigation. Our data also showed that HT-CO2 is safe enough for application. HT-CO2 was well tolerated and caused only slight, transient and recoverable peritoneal damage. The peritoneal damage resulting from the HT-CO2 was even less severe than that of NT-CO2. This is consistent with the well-established effect of hyperthermia in that hyperthermia has a selective cytotoxic effect on cancer cells but not normal cells. Normal human tissues and cells can tolerate hyperthermia at 43--44°C well.

Therapeutic approaches for prevention of peritoneal dissemination are few, especially for laparoscopic gastrointestinal cancer surgery. Simple irrigation with distilled water or saline solution has been shown to be ineffective in removing tumor cells and preventing local recurrences \[[@pone.0172097.ref020]\]. In the last decade, intraperitoneal chemotherapy and hyperthermic intraperitoneal chemotherapy (HIPEC) have been shown to be effective for treatment of peritoneal carcinomatosis \[[@pone.0172097.ref010],[@pone.0172097.ref021]\]. In selected patients with peritoneal carcinomatosis from colon cancer, HIPEC shows improved survival \[[@pone.0172097.ref010]\]. However, HIPEC can result in serious peritoneal damage and causes severe side effects \[[@pone.0172097.ref022]\]. The HIPEC+cytoreductive surgery (CRS) is reported to be associated with high morbidity and mortality (3.0% and 23.8%, respectively) \[[@pone.0172097.ref022]\]. Patient selection for HIPEC and CRS is critical and can only be used with a very limited group. Recently, Sloothaak et al \[[@pone.0172097.ref023]\] attempted adjuvant laparoscopic hyperthermic intraperitoneal chemotherapy (LHIPEC) for patients at risk of peritoneal carcinomatosis of colorectal cancer. Jung et al. \[[@pone.0172097.ref024]\] developed a device to apply hyperthermic pressurized intraperitoneal aerosol chemotherapy (H-PAC) and reported that H-PAC is feasible and safe in a porcine model. However, the efficiency and long-term outcome of LHIPEC and H-PAC are unknown. In this study, we did not compare HIPEC, LHIPEC and H-PAC with HT-CO2 as the devices used for mouse models are not available. Our study showed that HT-CO2 can effectively suppress peritoneal dissemination. It provides an attractive solution for peritoneal dissemination in laparoscopic cancer surgery. The spilled cancer cells can be killed as soon as they are generated following laparoscopic surgery. Additionally, HT-CO2 only causes minor peritoneal damage and so postoperative complications will be minimized. One potential advantage of intraperitoneal HT-CO2 is that it can be used in all patients at risk of peritoneal metastasis. HT-CO2 therefore serves as a promising adjuvant therapy for prevention of peritoneal dissemination in laparoscopic advanced gastrointestinal cancer surgery.

A limitation of this study is that a murine cell inoculation model is used. The colon cancer cells are injected into the peritoneal cavity prior to the test procedure to mimic the spillage of tumor cells during surgery. Thus far, the vast majority of the published animal studies concerning peritoneal carcinomatosis and/or port site metastasis have utilized the cell inoculation model \[[@pone.0172097.ref025],[@pone.0172097.ref026]\]. This model allows assessment of the spread of free tumor cells within the abdomen. However, it is less than ideal for the investigation of peritoneal dissemination. The injection of colon cancer cells may not fully simulate the liberation of cancer cells from the primary tumor during laparoscopic colorectal cancer surgery since primary tumors are present prior to surgery in the clinical setting. Because of the limitations of the cell inoculation model, we attempted to establish a mouse model of cecal cancer with serosal invasion using the methods previously described in the pilot study \[[@pone.0172097.ref027]\]. However, the model was not stable and has unacceptable bias because it is difficult to establish tumors of identical size. It was therefore not used in this study. Furthermore, the murine model does not allow laparoscopic manipulation of tumors in the abdomen. Further investigations in large animal models with greater similarity to a clinical setting are required.

In conclusion, the new HT-CO2 approach can significantly suppress peritoneal dissemination and port-site metastases of colon cancer cells while only causing slight, transient and recoverable peritoneal damage. HT-CO2 may serve as a novel adjuvant therapy for prevention of peritoneal dissemination during laparoscopic surgery of advanced colorectal cancer.
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